Abstract Insulin increases glucose uptake and metabolism in skeletal muscle by signal transduction via protein phosphorylation cascades. Insulin action on signal transduction is impaired in skeletal muscle from Type 2 diabetic subjects, underscoring the contribution of molecular defects to the insulin resistant phenotype. This review summarizes recent work to identify downstream intermediates in the insulin signaling pathways governing glucose homeostasis, in an attempt to characterize the molecular mechanism accounting for skeletal muscle insulin resistance in Type 2 diabetes. Furthermore, the effects of pharmaceutical treatment of Type 2 diabetic patients on insulin signaling and glucose uptake are discussed. The identification and characterization of pathways governing insulin action on glucose metabolism will facilitate the development of strategies to improve insulin sensitivity in an effort to prevent and treat Type 2 diabetes mellitus.
Introduction
During the last decades, the study of the insulin signaling pathway to glucose uptake in skeletal muscle has lead to many breakthroughs, and has provided a better understanding of the mechanisms involved in the pathogenesis of Type 2 diabetes mellitus. The discovery of novel targets within the insulin signaling cascades and the identification of protein interactions and feedback loops has underscored the complexity of intracellular signaling systems. The design of pharmaceutical approaches to prevent and treat insulin resistance will require extensive biological understanding of the signaling networks controlling glucose homeostasis. Undoubtedly, prevention and treatment efforts for the rapid global increase in obesity, Type 2 diabetes and the metabolic syndrome are a major challenge for the medical research field in the nearest future. This review is focused on describing recent work to delineate insulin signaling defects in Type 2 diabetes.
Type 2 diabetes-metabolic disorder characterized by insulin resistance
Glucose is a major fuel for skeletal muscle and other tissues. In the postprandial state after a meal, insulin is secreted from the pancreatic b-cells into the circulation to promote glucose uptake into insulin-sensitive tissues and to decrease the endogenous hepatic glucose production. When glucose levels are low, the pancreatic a-cells releases glucagon into the circulation that promotes glucose production from the liver. This system is tightly regulated to achieve glucose homeostasis (Fig. 1) . Type 2 diabetes is a metabolic disorder characterized by insulin resistance along pathways governing peripheral glucose uptake and hepatic glucose production. As a result, glucose levels in the circulation increase and hyperglycemia develops. Chronic hyperglycemia is associated with many serious pathological complications and causes a variety of macrovascular and microvascular complications, such as atherosclerosis, nephropathy, neuropathy, and retinopathy.
Thus, to prevent these complications euglycemia should be maintained.
Skeletal muscle-role in whole body metabolism
Glucose can either undergo oxidative or non-oxidative metabolism in skeletal muscle. Glucose is oxidized by glycolytic processes generating pyruvic acid that is subsequently transformed to acetyl-CoA that is further metabolized in the citric acid cycle and that ultimately leads to generation of chemically bound energy in form of ATP. If glucose is not immediately utilized for energy, it undergoes non-oxidative metabolism and is stored as glycogen, which can be utilized for energy production later when the muscle cell requires energy.
During a euglycemic hyperinsulinemic clamp, peripheral tissues accounts for approximately 80-90% of glucose disposal, where skeletal muscle tissue is quantitatively the most important tissue [1, 2] . However, in the postprandial period after ingestion of a meal, skeletal muscle accounts for approximately 1/3 of the ingested glucose [3, 4] . Notably, skeletal muscle is one of the key tissues involved in the maintenance of whole-body glucose homeostasis, and insulin resistance in skeletal muscle is a major contributor to the pathogenesis of Type 2 diabetes.
Glucose transport-rate limiting step for glucose metabolism
Glucose is a hydrophilic molecule and thus, cannot diffuse through the lipid bilayer of cell surface membrane. Therefore, glucose entry into the cell needs to be facilitated by membrane transporters. There are mainly two different families of glucose transporters in humans, the sodium dependent glucose transporter family and the facilitative glucose transporters (GLUT) [5, 6] . While the sodium dependent glucose co-transporters are mainly involved in glucose absorption in the intestine and the kidneys, GLUT family members are facilitative glucose transporters. At present there are 14 identified genes coding for individual proteins of the GLUT family (GLUT1-14). The GLUT's have different tissue expression and different affinity for glucose [6] . In skeletal muscle GLUT4 is the predominantly expressed isoform [7] [8] [9] and GLUT4 is localized intercellular and is translocated to the surface membrane in response to insulin, exercise, or hypoxia [10] [11] [12] [13] .
Impaired insulin-stimulated glucose transport in skeletal muscle is the rate determining step in the reduced glycogen synthesis observed in insulin resistant Type 2 diabetic patients [14] . Total GLUT4 expression is not reduced in skeletal muscle from Type 2 diabetic patients [15] [16] [17] . Thus, impaired glucose uptake in insulin resistant skeletal muscle cannot be explained by a decrease in production of GLUT4, rather impairments in insulin signaling are likely to play a role.
Early studies in adipocytes revealed that the glucose transport system was translocated from an intracellular compartment to the cell surface membrane in response to insulin [18, 19] . Later a unique insulin-regulatable glucose transport protein was identified in skeletal muscle and adipose tissue [20] , which was subsequently cloned and characterized as GLUT4 [8, 9] . GLUT4 was shown to be the glucose transporter that accounts for the major part of insulin-induced glucose uptake in cultured adipocytes [21] . Using a bis-mannose photolabel technique, a strong correlation between insulin-induced 3-O-methyl-glucose uptake and cell surface expression of GLUT4 was observed [21] . GLUT4 is a membrane protein and resides within   n  i  l  u  s  n  I   :  r  e  v  i  L  e  s  o  c  u  l  G  n  o  i  t  c  u  d  o  r  p   :  e  l  c  s  u  m  l  a  t  e  l  e  k  S  e  s  o  c  u  l  G  e  k  a  t  p Fig. 2 Principle of insulin-induced glucose uptake in skeletal muscle. Insulin binds to the insulin receptor (1), thereby initiating a signaling cascade through the insulin signaling pathway (2) . The intracellular membrane bound GLUT4 containing vesicles are then translocated to the cell surface membrane (3), where they ultimately integrate GLUT4 in the membrane (4) which then facilitates glucose transport into the muscle cell (5) intracellular membrane bound vesicles. In response to insulin or exercise (Fig. 2 ) these GLUT4 containing vesicles are translocated to fuse with the cell surface membrane to facilitate transport of glucose molecules into the cell [22] . Translocation and trafficking of GLUT4 containing vesicles is impaired in insulin resistant human skeletal muscle [13, 23] . Currently whether defects in GLUT4 translocation precede the development of Type 2 diabetes is unknown.
Insulin signaling
Insulin-responsive tissues express insulin receptors (IR) at the cell surface plasma membrane. The IR consists of four subunits, two extracellular insulin-binding a-peptides linked with two transmembrane b-peptides. On the b-subunits intracellular side, there is a tyrosine kinase domain. The b-subunits are activated due to autophosphorylation when insulin binds to the receptor. Phosphorylated tyrosine residues on the activated insulin receptor protein provide docking sites for the binding of several down-stream signaling molecules including Shc, Grb2, and the insulin receptor substrate (IRS) proteins. Insulin increases signal transduction along metabolic and mitogenic/gene-regulatory pathways (Fig. 3) . Activated IR recruits IRS, which binds to phosphorylated tyrosine residues on the receptor via a phosphotyrosine binding (PTB) domain on IRS. When IRS is bound to IR, the kinase activity of IR can catalyze phosphorylation of tyrosine residues on IRS. IRS's are scaffolding proteins and the two most predominant IRS's involved in metabolic regulation in human skeletal muscle are IRS-1 and IRS-2. These IRS's share a high sequence similarity, but appear to have specific signaling roles. In L6 myotubes, where IRS-1 or IRS-2 protein expression was reduced approximately 75% using small interfering RNA-mediated gene silencing, IRS-1 was demonstrated to be responsible for reduction in glucose uptake and GLUT4 translocation, whereas IRS-2 was without effect on these responses [24] . There is also direct evidence for tissue specific effects of the IRS's from functional genomics. In transgenic mice, where either a heterozygous null mutation of genes coding IR/IRS-1 or IR/IRS-2 are expressed, the former developed severe insulin resistance in skeletal muscle, while the latter developed severe insulin resistance in liver, with only mild insulin resistance in skeletal muscle [25] . Additional evidence for tissue specific differences in IRS action is provided from studies in which IRS-2 knockout mice develop Type 2 diabetes, partly by becoming insulin resistant, but primarily because of reduced b-cell mass, which therefore prevents an adequate compensation in insulin release [26] .
IRS/PI 3-kinase signaling
Tyrosine-phosphorylated IRS-1 mediates the insulin signaling to downstream enzymes by binding to a number of src-homology 2 (SH2) domain-containing signaling proteins. One important signaling intermediate that promotes the insulin signal is the phosphatidylinositol 3 (PI 3)-kinase [27] . PI 3-kinase is composed of one regulatory subunit and one catalytic subunit, which phosphorylates the 3'-OH position of the inositol ring of plasma membrane inositol phospholipids. The substrate products that are generated are phosphatidylinositol-3-monophosphate (PtdIns(3)P), PtdIns-3,4-bisphosphate (PtdIns(3,4)P2), and PtdIns-3,4,5-triphosphate (PtdIns(3,4,5)P3). These phosphoinositides are specifically recognized by proteins that contain pleckstrin homology (PH) domains, which are then redistributed to the plasma membrane.
Signaling downstream of PI 3-kinase
The serine/threonine kinase Akt, also known as protein kinase B (PKB), is a central intermediate for many of the insulin and growth factor responses downstream of PI 3-kinase. Akt was identified to be one of the insulinresponsive kinases that phosphorylates glycogen synthase kinase-3 (GSK-3) [28] . Subsequent studies demonstrated that Akt has a role in promoting GLUT4 translocation in adipocytes [29] and glucose transport and glycogen synthesis in L6 myotubes [30] .
Subsequently to insulin stimulation, the generation of PtdIns(3,4,5)P3 by PI 3-kinase is necessary for re-localization of Akt to the cell surface membrane via interaction of its N-terminal PH domain. Akt was characterized to be activated by two phosphorylation steps in response to insulin [31] . Akt is phosphorylated at Ser 473 in a hydrophobic motif at the C-terminal tail. DNA-dependent protein kinase (DNA-PK) [32] or the mTOR:Rictor:GbL complex [33] is responsible for Akt phosphorylation at Ser 473 . Thus, the true identity of this kinase or complex of protein kinases is unclear [34] . Akt is phosphorylated at Thr 308 in the catalytic domain by 3¢-phosphoinositide-dependent kinase 1 (PDK1) to achieve full kinase activity. PDK1 interacts with the second messengers products of PI 3-kinse, PtdIns(3,4,5)P3, and PtdIns(3,4)P2, with its PH domain and is believed to localize in the proximity of Akt [35, 36] .
Three isoforms of Akt (Akt1, Akt2, and Akt3) are expressed in skeletal muscle. Experimental work with knockout mice deficient of either Akt1 or Akt2 demonstrates that there are isoform-specific roles [37, 38] . Akt2 deficient mice have an impaired ability of insulin to lower blood glucose because of defects in the action of the hormone on liver and skeletal muscle, thus Akt2 is essential in the maintenance of normal glucose homeostasis [38] . In contrast, Akt1 is required for normal growth, but dispensable for maintenance of glucose homeostasis in mice [37] . Other signaling proteins downstream of PI 3-kinase involved in insulin signaling to glucose transport include the protein kinase C-f and k isoforms (PKC-f/k). PKC-f/k belong to the atypical family of PKC's and are phosphorylated and activated by PDK1 [39] . The involvement of PKC-f in insulin signaling to glucose uptake in skeletal muscle was first investigated in L6 myotubes, where immunoprecipitable PKC-f activity was inhibited by the PI 3-kinase inhibitor wortmannin [40] . Furthermore, a stable and transient expression of a kinase-inactive PKC-f inhibited basal and insulin-stimulated glucose transport in L6 myotubes [40] .
Linking insulin signaling and glucose transport
There has been great progress in elucidating the insulin signaling pathway leading to GLUT4 translocation and glucose uptake in skeletal muscle cells. In addition, the understanding of mechanisms involved in the trafficking of GLUT4 containing vesicles and their fusion with the cell surface plasma membrane has also been evolving. The post-receptor signal transduction events that are initiated when insulin binds to its receptor which are mediated primarily by kinase/phosphoryation action have been established during recent years. There is a high level of complexity within the canonical insulin signaling pathways, implying that signaling networks, rather than signaling pathways, mediate downstream responses. One of the primarily metabolic roles of insulin is to promote translocation of intracellular GLUT4 to the cell surface membrane to facilitate glucose uptake into the cell. However, the link between the insulin signaling cascade and the translocation of the GLUT4-contaning vesicles to the plasma membrane has been elusive. Different members of the small GTPase protein families have been proposed to be required for membrane trafficking of GLUT4, with members of the Rab family of GTPases under particular investigation [41] .
AS160
Recently a novel Akt substrate of 160 kDa (AS160) was identified in 3T3-L1 adipocytes and implicated to play a role in glucose transport [42] . This protein contains a Rab GTPase activating protein (GAP) domain and is phosphorylated on several serine and threonine residues in response to insulin. In untreated adipocytes AS160 is concentrated in the low density microsomes (LDM) fraction. Stimulation with insulin caused a marked redistribution of AS160 from the LDM compartment to the cytosol. When several of the serine and threonine residues, which are phosphorylated in response to insulin, are mutated to alanine, GLUT4 translocation is inhibited in 3T3-L1 adipocytes [43, 44] . This inhibition did not occur when the GAP function was inactivated by a point mutation [43] , indicating AS160 is required for GLUT4 vesicle translocation. mRNA of AS160, also designated as KIAA0603 (TBC1 domain family member 4), is highly expressed in human heart and skeletal muscle tissue compared to other tissues [45] . In addition, AS160 is phosphorylated in response to insulin in a dose-dependent fashion in rat skeletal muscle [46, 47] . The proposed mechanism for this action is that phosphorylation of AS160 in response to insulin leads to either inactivation of the Rab GAP function or redistribution of AS160 from the LDM compartment, which thereby activates the Rab proteins involved in GLUT4 vesicle translocation. Several Rab proteins have been suggested to be targets for the GAP activity of AS160 [48] . When a recombinant GAP domain of AS160 was tested for its activity against several Rab proteins in vitro, Rab 2A, 8A, 10, and 14 were identified with the highest GTPase activity [48] . Insulin stimulation of GLUT4 exocytosis is dependent on AS160 phosphorylation, while inhibition of endocytosis is independent of AS160 [44] .
Insulin signaling defects are associated with Type 2 diabetes
Several studies have provided evidence for defects at different levels in the insulin signaling cascade in human skeletal muscle using in vivo and in vitro approaches [49] . However, whether insulin signaling defects are a cause or a consequence of skeletal muscle insulin resistance in Type 2 diabetes is unknown. The published results of insulin signaling defects in skeletal muscle are somewhat inconsistent and are mainly focused on assessments of insulin action in people with long-standing Type 2 diabetes. There are obviously many parameters that can influence the outcome from these different studies, the intention here is not to discuss these potential differences in detail, but rather to give examples of reported defects observed in insulin resistant obese and Type 2 diabetic subjects.
Protein expression of IR in skeletal muscle from Type 2 diabetic patients is unaltered [50, 51] . Insulin binding to IR has been reported to be normal [52] or impaired [53, 54] . Furthermore, tyrosine phosphorylation and/or activity of the IR has been reported to be normal [51, 53, [55] [56] [57] or impaired [50, 54, 58] in skeletal muscle from non-obese and obese Type 2 diabetic subjects, compared with nondiabetic subjects.
In isolated skeletal muscle from non-obese Type 2 diabetic patients and healthy subjects incubated with insulin (0.6-60 nmol/l), tyrosine phosphorylation of IR bsubunit is similar, whereas glucose transport is impaired at all levels of insulin studied [51] . Thus, signaling defects at the level of the insulin receptor are unlikely to fully account for the impairments in glucose transport in skeletal muscle from Type 2 diabetic patients. However, in morbidly obese insulin resistant humans phosphorylation and protein expression of IR is reduced [59] . Thus, postreceptor defects are likely to account for impairments in skeletal muscle glucose uptake in diabetes.
One of the first post-receptor events in insulin signaling is IRS-1 phosphorylation. Defects in IRS-1 function have been reported in skeletal muscle from Type 2 diabetic patients. In vivo and in vitro studies reveal that insulinstimulated tyrosine phosphorylation of IRS-1 is impaired in non-obese and obese Type 2 diabetic patients [51, 57, [60] [61] [62] . This defect is not associated with altered protein expression of IRS-1 [51, 60, 61, 63] . A growing body of evidence indicates that increased serine/threonine phosphorylation of IRS-1 can decrease the ability of IRS-1 to be tyrosine-phosphorylated by the insulin receptor. One serine residue located near the PTB domain in IRS-1 is Ser 312 (Ser 307 in rat IRS-1). IRS-1 can be phosphorylated by insulin-stimulated or stress-activated kinases, such as JNK on this serine residue [64] , thereby disrupting the interaction between the catalytic domain of the insulin receptor and the PTB domain of IRS-1 [65] . IRS-1 Ser 636 is another residue suggested to be involved in the impaired insulin signaling in Type 2 diabetes. In cultured skeletal muscle cells from Type 2 diabetic patients, increased basal phosphorylation of IRS-1 on Ser 636 has been observed, providing a putative mechanism for reduced IRS-1 tyrosine phosphorylation [62] . Impaired insulinstimulated PI 3-kinase activity in skeletal muscle from Type 2 diabetic subjects has also been reported in vivo [57, 60, 61, 63, 66] and in vitro [51, 62, 67] in skeletal muscle from lean [51, 67] and obese Type 2 diabetic patients [57, 61, 63, 66] .
Little is known about the physiological regulation of PDK-1 in skeletal muscle from Type 2 diabetic patients. In a recent study, insulin action in vivo on PDK-1 activity in vastus lateralis muscle from lean, obese insulin resistant and obese Type 2 diabetic subjects has been determined [57] . Insulin increased PDK-1 activity 2-fold in skeletal muscle from healthy subjects, with a similar response noted in obese insulin resistant and Type 2 diabetic subjects. PDK-1 protein expression was similar between lean, obese insulin resistant and obese Type 2 diabetic subjects. Thus, insulin action on PDK-1 appears to be normal in insulin resistant skeletal muscle.
Downstream targets of PDK1 include the atypical PKC (aPKC) isoforms f and k and Akt. Protein expression and activity of PKC-f/k have been reported to be impaired in obese Type 2 diabetic patients in vivo [57, 63] . Protein expression and activity of Akt is reported to be normal in obese Type 2 diabetic patients in vivo [63, 66] . In contrast with these in vivo experiments, in vitro studies indicate that insulin-stimulated Akt activity is reduced in skeletal muscle from Type 2 diabetic subjects stimulated with pharmacological levels of insulin [68] . However, Akt activity was normal when skeletal muscle strips were incubated with a lower concentration of insulin [68] . Since three Akt isoforms are expressed in insulin target tissues, a selective isoform-specific impairment may be masked by compensation from other isoforms. This has been illustrated in a study where insulin action on Akt isoforms in morbidly obese insulin resistant subjects was assessed [69] . In skeletal muscle from lean insulin sensitive subjects, insulin activated all three Akt isoforms, whereas only Akt1 activity was increased in skeletal muscle from obese subjects [69] .
AS160 links the proximal insulin signaling steps to the translocation of GLUT4 vesicles [42] . Akt phosphorylates its substrate proteins at a RXRXXS/T peptide sequence motif. In humans, immunoblot analysis with an antiphospho-Akt substrate antibody revealed several insulinresponsive phospho-proteins, where a protein of 160 kDa was the most prominent [70] . AS160 phosphorylation and protein expression under basal conditions is comparable between Type 2 diabetic patients and control subjects [70] . However, the increment of insulin-induced phosphorylation over basal state was markedly reduced in skeletal muscle from Type 2 diabetic patients compared to healthy controls. Therefore, the reduction in AS160 phosphorylation is not caused by reduced protein expression, but rather impaired signaling from PI 3-kinase. Our results provide evidence that impaired insulin action on AS160 is likely to account for GLUT4 translocation and glucose uptake defects in skeletal muscle from Type 2 diabetic patients.
Insulin action on Akt
Given that AS160 phosphorylation is impaired in Type 2 diabetic patients [70] , phosphorylation status of the serine/ threonine protein kinase Akt was determined. When site specific phosphorylation of Akt is determined, insulin-induced Ser 473 -phosphorylation is comparable between Type 2 diabetic patients and control subjects, whereas Thr 308 -phosphorylation over basal is reduced in Type 2 diabetic patients [70] . The discrepancy between observed unchanged Akt activity [66, 68] , and reduced Thr 308 -phosphorylation [70] is unclear. Isoform-specific impairments in insulin action of Akt2 and Akt3, but not Akt1, have been observed in skeletal muscle from morbidly obese insulin resistant subjects [69] . Thus, Akt isoform-specific defects could potentially account for the differences in insulin action on Akt activity and phosphorylation, as assessed in our moderately obese diabetic cohort. Alternatively, the impairment in insulin-induced Thr 308 -phosphorylation may be a consequence of the altered metabolic milieu, as the Type 2 diabetic patients are often studied under hyperglycemic conditions. Consistent with this hypothesis, an earlier study revealed insulin-induced Thr 308 -phosphorylation was unchanged between control subjects and Type 2 diabetic patients after an overnight normalization of glycemia [56] .
Link between insulin signaling and Glut4 translocation
A proposed hypothesis for the involvement of AS160 in mediating translocation of GLUT4 containing vesicles to the plasma membrane is based on evidence from experiments using different mutated forms of AS160 [43, 44] . This hypothesis is based on the fact that AS160 contains a GAP domain for Rab proteins [42] , which are small G proteins involved in GLUT4 membrane trafficking [41] . Rab proteins are in an activated form when bound to GTP and inactivated when bound to GDP. Rabs have a relatively low intrinsic GTPase activity. GAP domain-containing proteins have the ability to catalyze the conversion of GTP to GDP and thereby keep Rabs in an inactive form. The active AS160 Rab GAP domain may retain the Rab proteins in an inactive form and thereby retain GLUT4 vesicles in an intracellular compartment. When AS160 is phosphorylated in response to insulin, GAP activity may either be inhibited or alternatively AS160 is relocated from the LDM compartment, resulting in release of GLUT4 vesicles that subsequently undergo translocation to the cell surface membrane.
While the exact nature of the Rab target for AS160 is unknown, Rab4 and Rab11 have been linked to GLUT4 traffic in insulin sensitive tissues. Rab4 has been shown to co-precipitate with GLUT4 containing vesicles in intracellular membrane fractions in rat skeletal muscle [71, 72] and upon insulin stimulation, the abundance of Rab4 was decreased in intracellular membrane compartments and undetected at the plasma membrane [72] . Rab11 has been suggested to be involved in the endosomal recycling, sorting, and exocytotic movement of GLUT4 in rat cardiac muscle [73] . However, in a recent report, a recombinant GAP domain of AS160 was tested for its activity against several Rab proteins in adipocytes [48] . The study provided evidence that Rab 2A, 8A, 10, and 14 have the highest GTPase activity in response to exposure of the recombinant GAP domain of AS160. Thus, AS160 may constitute a point of convergence between insulin signaling and GLUT4 vesicular trafficking. However, the exact Rabs targeted by AS160 in human skeletal muscle GLUT4 trafficking are still unknown and clearly more work in this area is required.
Insulin signaling after anti-diabetic treatment
In clinical use today, there are several treatment approaches which are administered in order to reduce hyperglycemia in Type 2 diabetic patients. The oral antidiabetic agent metformin (dimethyl biguanide) has the longest history in diabetes treatment. Metformin was introduced in 1957, where it was reported to have antidiabetic properties [74] . Metformin is the most widely prescribed agent for diabetes treatment today. Despite being in clinical use for almost half a century, the identity of its cellular target is still elusive. Metformin primarily acts on the liver to inhibit glucose production [75] possibly by action via AMP-activated protein kinase (AMPK) [76] .
A more recent pharmacological agent for Type 2 diabetes treatment is rosiglitazone, a drug that belongs to the Thiazolidinedione (TZD) family. TZD's act as agonistic ligands of the nuclear hormone receptor transcription factor PPARc. PPARc is predominantly expressed in adipocytes, but it is also expressed in skeletal muscle [77] . Many studies have reported positive effects such as improved glycemic control after rosiglitazone treatment [78] [79] [80] [81] [82] [83] [84] [85] . Even though the insulin sensitization effects of TZD's are well-documented, the molecular mechanisms responsible for these effects in humans are still elusive. Thus, investigations of potential effects on insulin signaling responses and gene expression in human skeletal muscle after treatment with either metformin or rosiglitazone are required. Early treatment of Type 2 diabetic patients in an early phase of the disease progression, before the metabolic derangements become too severe, is of particular importance to facilitate attempts to hinder many of the endstage complications related to the disease. Moreover, investigations of the treatment effects in moderately obese newly diagnosed Type 2 diabetic patients may have the potential to reveal outcomes that might be masked in obese patients with a longer duration of the disease, where many other factors would have to be taken into account caused by the more severe metabolic derangements.
Insulin signaling has been assessed in vivo in skeletal muscle before and after treatment with either metformin or rosiglitazone [86] . Newly diagnosed Type 2 diabetic patients were recruited and randomized into three groups, one treated with metformin, one with rosiglitazone, and one placebo control group. The treatment period lasted 26 weeks. Before and after the treatment period, patients were subjected to a euglycemic hyperinsulinemic clamp whereby whole-body, as well as skeletal muscle specific glucose uptake was determined. Clinical and metabolic characteristics of the study participants were assessed before and after treatment. BMI, HbA1c, and fasting plasma glucose were decreased after metformin treatment, but not after rosiglitazone or placebo treatment. Fasting FFA levels were similar between the groups and unchanged after treatment. However, post-treatment serum FFA levels measured during the hyperinsulinemic clamp were decreased after metformin and rosiglitazone treatment, respectively, and unchanged in the placebo group. Wholebody and skeletal muscle specific glucose uptake was also significantly increased after rosiglitazone treatment. In contrast, after treatment with metformin or placebo, insulin-mediated glucose uptake was unaltered. Whole-body glucose uptake was tightly correlated with glucose uptake in skeletal muscle measured with PET scan analysis over a portion of the vastus lateralis muscle, consistent with earlier work [87] .
The increase in insulin sensitivity in skeletal muscle after TZD treatment may be due to an augmentation in intracellular insulin signaling events [86] . Signaling events were determined at the early post-receptor level, namely tyrosine-phosphorylation of IRS-1 and IRS-1-associated PI 3-kinase activity, since these intermediate steps have been reported to be impaired in Type 2 diabetic patients [51, 60] . Prior to treatment, insulin infusion increased IRS-1 tyrosine phosphorylation and IRS-1 associated PI 3-kinase activity. Neither metformin nor rosiglitazone treatment enhanced insulin-stimulated IRS-1 tyrosine phosphorylation nor IRS-1-associated PI 3-kinase activity. Downstream signaling events related to Akt, including Ser 473 -phosphoryaltion of Akt and phosphorylation of the Akt substrate AS160 were also assessed. Before the treatment period, insulin stimulation increased Ser 473 -phosphorylation and AS160 2 to 3-fold, with similar effects between the rested and exercised leg. However, neither metformin nor rosiglitazone treatment enhanced phosphorylation of Akt nor AS160 [86] .
Metformin treatment improved HbA1c and fasting blood glucose levels, but was without effect on insulinmediated glucose uptake [86] . This is consistent with previous studies of poorly controlled obese Type 2 diabetic patients [88, 89] . Previous studies have provided evidence that improvements in glucose homeostasis after metformin treatment are primarily due to an insulin-sensitizing effect on the liver, leading to a decrease in hepatic glucose production [88] [89] [90] . Furthermore, increased rates of insulinstimulated whole-body glucose disposal have been reported [90, 91] . However, the increase in glucose disposal rate was minor and may potentially be explained by an improvement in glucose homeostasis.
In contrast to metformin treatment in the present study, rosiglitazone treatment enhanced insulin-mediated whole body and leg muscle glucose uptake, but was without effect on HbA1c and fasting blood glucose. The improvement in insulin-mediated glucose uptake reported here is consistent with previous studies whereby either troglitazone [91, 92] or rosiglitazone [63, 93, 94] was administered, further supporting the insulin sensitizing effect on skeletal muscle. However the lack of an improvement in HbA1c and fasting blood glucose is an inconsistent finding, since both improved [91, [93] [94] [95] and unchanged [78, 96] glycemic control has been observed in Type 2 diabetic patients undergoing TZD treatment.
The insulin-sensitizing effect of rosiglitazone on glucose uptake in skeletal muscle is unrelated to changes in insulin signaling at the intermediate steps. This is an unexpected finding since similar studies have been performed whereby positive effects of TZD-treatment on insulin signaling intermediates have been reported. For example, a previous study provides evidence that treatment of poorly controlled obese Type 2 diabetic patients with metformin for 3-4 months enhanced insulin-mediated glucose uptake independent of improved insulin signaling [91] . However, in contrast to our results [86] , treatment with troglitazone for 3-4 months improved insulin-mediated whole body glucose uptake concomitant with improved insulin action on PI 3-kinase and Akt [91] . Furthermore, treatment of obese Type 2 diabetic subjects for 1 month with rosiglitazone also enhanced insulin-mediated whole body glucose uptake, coincident with increased IRS-1 associated PI 3-kinase and atypical PKC activity [63] . These studies imply the insulin-sensitizing effect of TZD treatment in obese Type 2 diabetic subjects is partly caused by enhanced peripheral insulin action.
Conclusions and future perspectives
The molecular mechanisms of insulin signal transduction to glucose transport in insulin resistant human skeletal muscle have been addressed in this review. We summarize new data on AS160, the most proximal step identified in the insulin signaling transduction pathway leading to GLUT4 translocation. Experimental evidence from studies in adipocytes reveals that AS160 is required for insulininduced translocation of GLUT4 to the cell surface plasma membrane in order to facilitate glucose uptake. Given the role of AS160 in insulin-mediated GLUT4 translocation in adipocytes, our data suggest that aberrant insulin signaling to IRS-1/PI 3-kinase/Akt/AS160 contributes to defects in GLUT4 translocation and glucose uptake in skeletal muscle from insulin resistant Type 2 diabetic patients. Impaired insulin action on AS160 is associated with reduced Akt Thr 308 -phosphorylation, suggesting that these two events are linked. Since the protein expression of AS160 was unaltered in Type 2 diabetic patients, the reduced AS160 phosphorylation is likely a result from impaired upstream signaling, increased Ser/Thr-phosphatase activity, or both.
In newly diagnosed Type 2 diabetic patients treated with rosiglitazone skeletal muscle glucose uptake is improved, independent of improved insulin signaling at the level of IRS-1/PI 3-kinase/Akt/AS160. This finding raises the possibility that even more distal events in the GLUT4 translocation machinery are augmented after rosiglitazone treatment (Fig. 4) . Further studies are necessary to investigate GLUT4 vesicular trafficking and vesicular fusion machinery in skeletal muscle of Type 2 diabetic patients after rosiglitazone treatment. The identification of the molecular mechanism of action by which TZD treatment enhances insulin sensitivity in tissues is important from at least two perspectives; first, resolution of the cellular mechanism of action will eventually facilitate more specific design of drug compounds, and second, the identification of the mechanism of action of TZD treatment will also potentially give important clues to unravel the pathophysiology of Type 2 diabetes.
To achieve the most efficient and manageable treatment of Type 2 diabetes, an improved understanding of the underlying defects is crucial. Identification of defects in the insulin-glucose-homeostatic relationship requires deeper knowledge of the molecular mechanisms which elicit specific physiological events. This review highlights the importance of designing treatment strategies for insulin resistance in skeletal muscle to target at multiple sites depending on the progression of the disease. In overt Type 2 diabetes, where insulin resistance is attenuated by the derangements in the metabolic milieu, insulin sensitivity in skeletal muscle is important to regain by augmentation of defects in the insulin signaling pathway. In newly diagnosed Type 2 diabetic patients with relatively good metabolic control, the improvement of glucose uptake by TZD treatment is achieved through improvements distal in the signaling pathway, at the level of GLUT4 translocation. Therefore, more intensified research of the distal mechanism of GLUT4 translocation and trafficking is desirable in the future. Fig. 4 Rosiglitazone treatment increased glucose uptake in skeletal muscle independent of enhancement in insulin signaling pathway. Distal components at the level of GLUT4 translocation and/or fusion with the cell surface membrane are likely to be augmented
